Sandia National Laboratories has completed thermal performance testing on the Schott parabolic trough receiver using the LS-2 collector on the Sandia rotating platform at the National Solar Thermal Test Facility in Albuquerque, NM. This testing was funded as part of the US DOE Sun-Lab USA-Trough program. The receiver tested was a new Schott receiver, known as Heat Collector Elements (HCEs). Schott is a new manufacturer of trough HCEs. The Schott HCEs are 4m long; therefore, two were joined and mounted on the LS-2 collector module for the test. The Schott HCE design consists of a 70mm diameter high solar absorptance coated stainless steel (SS) tube encapsulated within a 125mm diameter Pyrex ® glass tube with vacuum in the annulus formed between the SS and glass tube to minimize convection heat losses. The Schott HCE design is unique in two regards. First, the bellows used to compensate for the difference in thermal expansion between the metal and glass tube are inside the glass envelope rather than outside. Second, the composition of materials at the glass-to-metal seal has very similar thermal expansion coefficients making the joint less prone to breakage from thermal shock. Sandia National Laboratories provided both the azimuth and elevation collector module tracking systems used during the tests. The test results showed the efficiency of the Schott HCE to be very similar to current HCEs being manufactured by Solel. This testing provided performance verification for the use of Schott tubes with Solargenix trough collector assemblies at currently planned trough power plant projects in Arizona and Nevada. 
Introduction
Sandia National Laboratories has completed thermal testing of a new Schott receiver on a LS-2 solar collector using the rotating platform at the NSTTF (National Solar Thermal Test Facility). The LS-2 is one of three generations of parabolic troughs manufactured by LUZ installed in the nine SEGS (Solar Electric Generating System) power plants in California. Together the nine plants produce about 360MW of electric power. The LS-2 design accounts for about 65% of the collectors installed.
Schott is a world leader in glass manufacturing and the receiver represents a new product for the company. Schott is now the second manufacturer of trough receivers, also known as HCEs (heat collecting elements), in the world. Previously, Solel was the only manufacturer of HCEs in the world. The Schott HCE design is interchangeable with the existing design. Schott has made some design changes in an effort to increase reliability and reduce the O&M costs associated with HCEs. They have matched the thermal expansion coefficients in the glass-to-metal seals, which are intended to reduce the vacuum leaks and glass breakages. The bellows between the metal tube and glass is inside the glass tube. The tube temperature will be about the same as the fluid temperature and the glass envelope temperature will be much lower due to the vacuum insulation between the two. As the fluid temperature increases the length of the tube will increase more than the glass and the bellows will compress, which slightly increases the surface area of the metal tube being heated by the concentrated sunlight. For the Solel HCEs the bellows is outside the glass tube and as the fluid temperature increases the bellows expand, which slightly decreases the surface area of the metal tube.
The Schott PTR 70 HCEs are 4 m long each; therefore two were joined together and mounted on the LS-2 collector. Figure 1 shows a picture of the LS-2 collector with the Schott HCEs on the rotating platform. The Schott HCE has a 70 mm diameter 316LSS tube with a high solar absorptance Cermet coating inside a 125 mm diameter Pyrex ® glass tube. The space between the metal and glass tube is evacuated to minimize convection heat losses. An anti-reflection coating is applied to the inside and outside surfaces of the glass tube to increase transmittance through the glass. Schott claims their anti-reflective coating is more abrasion resistant than on existing HCEs, which should increase the lifetime of the coating when used in a solar plant. 
Background:
The LS-2 collector used at Sandia is the smallest portion of the complete solar collector assembly that can be operated independently and is also the largest collector that can be installed on the rotating platform. The collector has 20, thermally-sagged, second -surface silvered glass panels with a solar averaged specular reflectivity of 93 ±1.5% between different mirrors as well as between different areas of the same mirror. It has a 5 m aperture and a length of 7.8 m for an aperture area of 39.2 m 2 . The LS-2 collector is designed for single axis tracking. This can subject the HCE to large solar beam incident angles and will significantly affect the efficiency of the HCE. If the collectors are mounted in a fixed east-west alignment of the trough rotational axis, zero incident angle occurs only at solar noon and is maximum at sunrise and sunset. If the trough rotational axis has some other orientation, such as north-south, a zero incident angel may not occur at all on some days of the year. The efficiency of the collector/HCE assembly is a function of the incident angle, called the incident angle modifier. Tests to determine the incident angle modifier for the Schott HCE were not done, by mutual agreement with all concerned parties, due to time constraints. The incident angel modifier for a LS-2 collector using a Luz Cermet HCE was determined and documented in a Sandia National Laboratories report 1 , which is expected to be similar between the two HCEs. The test procedures used followed the ASHRAE 2 and ASTM 3 testing methodology for tracking concentrating solar collectors, except where noted in the SAND94-1884 document.
The LS-2 collector and Schott HCEs were performance tested for peak efficiency and for thermal heat loss. The thermal conversion efficiency at near ambient fluid temperatures, or optical efficiency, was measured using water. Using water at near ambient temperatures reduces the HCE thermal heat loss to almost zero, which gives the optimum thermal efficiency of the collector/HCE system. Equations for the properties of water were obtained by polynomial fits to data from NIST/ASME steam properties software 4 . Peak thermal conversion efficiency was also measured at elevated fluid temperatures, approaching 400˚C, using DOW Corning Syltherm ® 800 as the HTF (heat transfer fluid). Equations for the properties of Syltherm ® 800 were supplied by Dow Corning 5 .
Peak thermal conversion efficiency is always conducted with a zero incidence angle and steady state conditions. For single axis tracking devices, like the LS-2, continuous zero incidence angle tracking is achieved by using the rotating platform for azimuth. The LS-2 elevation drive is used for elevation. Steady state conditions occur with zero incidence angle and constant HCE inlet and outlet fluid temperatures. Typical steady state conditions were established at 100˚C inlet temperature and then in 50˚C increments up to almost 400˚C.
Thermal heat loss tests as a function of HTF temperature were also conducted. Heat loss not only impacts measured peak collector module efficiency, but also heavily impacts plant operations with passing clouds. These tests are much more difficult to make since the ΔT across the HCE are about one order of magnitude less than the ΔT during peak efficiency testing while the measurement uncertainty remains the same. Heat loss testing is done on clear nights with winds less than 10 mph and the collector pointing straight up to maximize the radiant heat loss to deep space.
The flow rates through the HCE for testing on the rotating platform are about 55 l/min. This is much lower than 530 l/min used in the SEGS plants. To compensate for the lower flow rates a specially constructed plug is inserted down the full length of both Schott HCEs. The plug is made of a 50.8 mm diameter 304SS tube that has a 6.35 mm diameter 304SS tube spiral wound and tack welded along its perimeter. This gives an effective hydraulic diameter of 15.2 mm. The larger diameter tube is open at one end and closed at the other end with a 6.35 mm hole to remove any trapped air. Figure 2 shows a picture of the insert partially extracted from an HCE. The plug promotes turbulent flow of the fluid creating higher annular Reynolds numbers to simulate actual heat transfer coefficient in the SEGS at the lower flow rates. A detailed discussion of this is given in reference 1. 
Test Methodology
Thermal equilibrium must be established with the HTF in order to determine peak heat gain or loss during testing. Any fluid system can store thermal energy and the fluid system used with the rotating platform is no exception. Without thermal equilibrium thermal energy can be either extracted or absorbed by the fluid system, which will add or subtract to the presumed thermal performance of the collector assembly. Thermal equilibrium is considered established during testing on the rotating platform when the HCE inlet and outlet fluid temperature vary less than ±0.2˚C over a minimum of 10 minutes. This is accomplished by first cooling the return flow from the HCE about 10 degrees below the desired inlet temperature and then heating to the determined inlet temperature using a PID controlled heater. The HCEs inlet and outlet temperatures were measured with a pair of RTDs with an accuracy of ±0.06˚C. When testing with water as the HTF, a pair of thermistors with an accuracy of ±0.02˚C is also used to measure the HCEs inlet and outlet temperatures.
Another important contributor to thermal equilibrium is achieving a stable flow rate. For this test the flow rate was stable to within ±0.1 l/min or better. The flowrate through the HCEs were measured with two turbine flowmeters calibrated to an accuracy of ±0.5% of reading between 0 and 15 gpm.
Wind speed has a secondary affect on thermal equilibrium, especially if it is gusting. Winds will vary the amount of heat being lost by the HCE and any piping used by the fluid loop. Winds can also cause the concentrator to wobble, which will cause the concentrator to slightly detrack in either azimuth and/or elevation. For this test the winds were 10 mph or less and not gusting. A P&ID of the fluid loop system used on the rotating platform is shown appendix A.
A constant energy input is also necessary for thermal equilibrium. The solar energy itself cannot be controlled, but the means to concentrate it can be. This is accomplished by tracking the sun as accurately as possible in azimuth and elevation and testing during clear sunny days one or two hours either side of solar noon when the atmospheric absorption is most constant. Sandia control software is capable of tracking the sun to ±0.09˚ in azimuth and ±0.08˚ in elevation. The solar energy input was measured with an Eppley NIP (Normal Incidence Pyrheliometer) calibrated to an accuracy of ±2% of reading. The NIP reading must be above 800 W/m 2 and vary less than 10% during the test period.
Mirror reflectivity changes will change the energy input to the HCE, but not in a manner to change thermal stability. During a test the reflectivity does not change, but it can change between tests such as being dustier after a windy day or cleaner after a rainstorm. The mirrors on the LS-2 collector were cleaned using de-ionized water to reduce any water spots and the glass specular reflectivity was measured before each test using a Devices & Services Co. reflectometer. The HCE glass is also cleaned to remove any soil and/or fingerprints from the glass using a clean soft towel and ethyl alcohol. Ethyl alcohol is used because it does not leave a residue when it dries.
The collector's mirrors must be aligned so as to concentrate as much of the solar energy entering the collector's aperture as possible onto the HCE in determining the peak thermal efficiency for a collector/HCE system. Mirror alignment itself does not affect thermal stability since any misalignment is constant, but it does impact the overall efficiency data. Documenting the mirror alignment does eliminate a source of variability when comparing these test results with other collector/HCE test results. A technique called the distant observer technique 6 , adapted by Sandia and relatively new for trough testing, was used to measure the percent of mirror area that is aligned with the HCE. This technique assumes the sun is normal to the concentrator; any correction for off normal solar incidence is taken into account by the incident angle modifier. How this technique was applied to mirror alignment on the LS-2 is shown in Appendix B. For this test, the concentrator is pointed at an observer located about ¼ mile away. This is farther than the 0.11 mile distance calculated in Appendix B, which is the minimum distance. It is recommended to be at least twice the calculated minimum distance to ensure the observer is far enough to be equivalent to infinity for the concentrator. When the concentrator is pointed straight at the observer and the mirrors and HCE are perfectly aligned, the observer will see the HCEs black color completely fill the mirrors. Any mirror surface area that does not show black is not aligned with the HCE and, therefore will not concentrate the solar energy onto the HCE. Individual mirrors out of alignment are brought into alignment by adding or removing spacers placed between the mirror mounts and the mirror itself. Digital pictures are taken of the collector from this distant location. The percentage of mirror area out of alignment is calculated using the IMAC imagery software from National Instruments by comparing the number of black pixels to white pixels. There is no information on the average mirror alignment on currently installed trough systems.
Test Results
The mirrors on the LS-2 were aligned as best as possible to the Schott HCE using the distant observer technique. On-sun testing did not start until after the mirrors were aligned. A picture after the mirror alignment is shown in Figure 3 . A before picture was not taken due to camera equipment problems. The IMAC imagery software determined about 10% of the available solar energy entering the aperture area was not focused on the HCE, which is any non-black area. The white vertical strip seen in Figure 3 was considered aligned even though it is white because it is actually the bellows shield cover where the two HCEs are joined together. This number does include the gaps between the mirrors, which accounts for approximately 2.5% of the total aperture area. The accuracy of this method is approximately ± 1%, which was determined by running the software several times using the same photo. The data from each test for peak thermal conversion efficiency is shown in the Table 1 in Appendix C and is color coded to show the different stabilized inlet temperatures. The data acquisition system used LabVIEW version 7.01e. This software allows the user to set the resolution for the data collected or calculated and the values used for this test are also shown in appendix C. A plot showing the measured peak steady state thermal conversion efficiency vs. the average fluid temperature above ambient air temperature through the HCE is shown in Figure 4 . The equation for the curve fit to the data is also shown in Figure 4 . For comparison, the curve fit to the data collected from testing the LS-2 with a Luz Cermet HCE completed in 1994 is also shown in Figure 4 . The efficiencies shown in Figure 4 were calculated based on a perfect mirror alignment, as recommended by ASHRAE 2 and ASTM 3 . This assumption was used for the earlier test done in 1994, but the actual alignment was not documented. This could cause some of the differences seen between the two sets of data. If the efficiencies were calculated using actual mirror alignment area then the efficiencies would be 10% higher because 10% is out of alignment. The measurement uncertainty of the data for this test, shown by the error bars in Figure  4 , is about ±2.0%. The earlier test data measured uncertainty was also about ±2%, as shown by the one error bar shown in Figure 4 but holds throughout the temperature range. Appendix D shows how the errors were calculated for this test. A more detailed error analysis of testing on the rotating platform is given in reference 1. Statistically, there is little difference between the latest test data and the earlier test data, which is shown by the overlap of error bars in the plot, except at the lower temperatures. Both of these tests, however, did not take into account the uncertainty of the Syltherm ® 800 properties since none could be obtained. The measured thermal heat loss vs. the average fluid temperature above ambient air temperature through the HCE is shown in Figure 5 for the LS-2/Schott HCE as well as the earlier test data for the LS-2/Cermet test for comparison. Data from the testing is shown in Table 2 in Appendix C. It should be noted that the surface area used for this data is the aperture area of the collector and not the absorber surface area, as recommended by ASHRAE 2 and ASTM 3 . The uncertainty of these measurements, as shown by the error bars in Figure 5 , is about ± 5 W/m 2 vs. about ± 8 W/m 2 for the earlier test. These uncertainties are large because the measurements themselves are much smaller, ΔTs of about 0.5 vs. about 20˚C for efficiency testing, but the measurement error remains the same. Figure  5 shows the thermal loss for the LS-2/Schott HCE is lower than the previous test and the differences appear to be significant, as shown by the almost no overlap in error bars. These differences, however, could be explained by how the ΔTs were measured.
Past testing used matched pair type T thermocouples and for this testing RTDs were used. It is more difficult measuring a ΔT of 0.5˚C with matched pair type T thermocouples that are ± 0.2˚C accurate than using RTDs with an accuracy of ± 0.06˚C. 
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( α ≡ the absorber radius/distance from the mirror edge to the absorber center therefore; α = 0.035/2.54 = 0.014 radians D is defined as the distance at which a light ray that deviates from being parallel to the optical axis by α will cross the optical axis. D = ½ aperture/ α = 2.5/0.014 = 178 m = 0.11 miles Table 2 shows the data collected during thermal loss testing with the Schott HCE on the LS-2 dish. Ch 700 
Appendix C -Test Results
Appendix D -Error Analysis
In calculating the error in any measurement two sources must be accounted for; systematic and random errors. Systematic error is the error of the instrument used to make the measurement. Random error is the data scatter from making the same measurement more than once. The random errors used for this test are the scatter in the data during a period of stabile temperatures, flow rates, and solar insolation. The random error for the calculated values of heat gain, or loss, specific heat, fluid density, and efficiency are calculated using the root-sum-square method defined as: The error equation for efficiency is: Using the above numbers, the error in the efficiency, E η = 1.67%
